Introduction
requires a combination of mutations in the hematopoietic progenitor cells, which contribute to impaired differentiation and an increased proliferation and/or survival advantage (5, 6) . The ras proto-oncogenes are likely candidates for proteins in which gain-of-function mutations would confer the signals for enhanced cell proliferation and survival in AML pathogenesis.
The ras proteins are a family of guanine nucleotidebinding proteins involved in cell proliferation, differentiation, and survival (7) (8) (9) (10) . The ras signaling pathways are activated by a spectrum of hematopoietic cytokine receptors in response to ligand and therefore play important roles in the proliferation and enhanced survival of hematopoietic progenitors. Members of the ras family include K-ras, N-ras, and H-ras. They are expressed ubiquitously during development and must be post-translationally modified by farnesylation and/or geranylgeranylation for membrane localization and functional activity. The ras proteins cycle between an inactive GDP-bound state and an active GTP-bound state; this cycling is mediated by GTPase-activating proteins (GAPs) and guanine nucleotide exchange factors (GEFs). In the GTP-bound state, ras activates the Raf/MAP kinase pathway, with subsequent activation of transcription factors and altered expression of genes promoting cell proliferation and differentiation. The ras proteins can also promote cell survival by activating the phosphoinositide-3-kinase (PI3K) pathway, with subsequent stimulation of AKT kinase and inactivation of the proapoptotic protein Bad. The ras proteins also activate a multitude of downstream effectors (including Ral-GEFs, AF-6, PKC-ζ, Nore1, Rin 1, RASSF1, and phospholipase C ε), whose roles in oncogenesis are incompletely understood. Functionally, the H-, N-, and K-ras isoforms have different properties with respect to activation of downstream effectors, transformation abilities, post-translational modifications, subcellular localizations, role in mouse development, and relative frequency of mutation in various human tumors (7, 11) .
Oncogenic ras mutations are present in approximately 25-44% of AML patients and are among the most frequently detected genetic alterations in AML (12, 13) . Activating N-ras mutations are detected in 20-25% of AML patients and K-ras mutations are seen in 10-15% of AML patients. These activating mutations most frequently involve single amino acid substitutions at ras codons 12, 13, or 61, which abrogate intrinsic ras GTPase activity and lead to constitutive ras activation.
In the absence of oncogenic ras mutations, ras may be activated through other mechanisms, such as the oncogenic activation of upstream tyrosine kinases seen in a significant proportion of AML cells, with consequent accumulation of ras-GTP. Examples of tyrosine kinase gain-of-function mutations in AML include FLT3 activation loop point mutations, FLT3 juxtamembrane region internal tandem duplications (ITDs) (14) , C-KIT point mutations (15) , and the tyrosine kinase fusion products of chromosomal translocations such as TEL/ TRKC associated with t(12;15) (16, 17) or TEL/ABL associated with t(9;12) (18, 19) . Most of these tyrosine kinase mutations confer growth factor-independent growth to hematopoietic cell lines and cause a myeloproliferative disease in mouse models (17, 20, 21) .
Dysregulation of ras-GAP is another mechanism of indirect ras activation in leukemic cells. Loss-of-function mutations in neurofibromatosis 1 (NF1), a ras-GAP protein, lead to accumulation of high levels of ras-GTP (22) . Children with type 1 neurofibromatosis are predisposed to malignant myeloproliferative syndromes, which include monosomy 7 syndrome and juvenile myelomonocytic leukemia (JMML) (23) . Mice heterozygous for NF1 deletion are prone to develop a myeloproliferative syndrome resembling human JMML (24) . NF1-deficient mouse fetal liver cells demonstrate hypersensitivity to GM-CSF stimulation and elevated levels of ras-GTP (25, 26) and confer a JMML-like myeloproliferative disease upon transplantation (25) .
To date, activating ras mutations have been studied in various cell culture, bone marrow transplantation, and transgenic mice model systems expressing ras from exogenous promoters. A variety of phenotypes has been reported. CD34 + stem cells transduced with amphotrophic retrovirus expressing oncogenic N-ras had impaired erythropoietin-induced erythroid differentiation at the late erythroblast stage, reminiscent of a myelodysplastic phenotype (27, 28) , and impaired G-CSF-and GM-CSFinduced granulocytic differentiation at the blast/promyelocyte stage (29) . In a transplant model using bone marrow cells retrovirally transduced with oncogenic N-ras, recipient mice developed myeloproliferative disorders with long latency (107-385 days) and incomplete penetrance, suggesting that secondary mutations were necessary for the phenotype (30) . Mice transplanted with bone marrow cells retrovirally transduced with viral H-ras developed peripheral myeloid leukocytosis, as well as frequent pre-T thymic lymphomas and/or pre-B cell lymphoblastic leukemia/lymphomas (31) . Mice transplanted with bone marrow cells expressing oncogenic H-ras from the Moloney MuLV long terminal repeat (LTR) promoter often developed thymic lymphomas (32) . Transgenic mice expressing activated N-ras from the mouse mammary tumor virus (MMTV) LTR developed lymphoblastic T cell and B cell lymphomas and poorly differentiated mammary carcinomas (33). Transgenic mice expressing viral H-ras from the MMTV promoter/enhancer developed B cell lymphoblastic lymphomas at low frequency (34) .
As is evident from the studies described above, a consistent phenotype from oncogenic ras expression in hematopoietic cells has not been established, in part because different exogenous promoters were used to express various oncogenic ras isoforms at supraphysiological levels and often in nonphysiological tissues. The variety of malignancies that developed likely reflected the tissue specificities of the promoters used rather than the specific transforming capabilities of oncogenic ras. The phenotypes generated from overexpression of genes from exogenous reporters may be very different from the phenotypes that arise when genes are expressed from their endogenous reporters. The critical role of gene dosage in cancer is supported by data indicating that haploinsufficiency may contribute to oncogenesis (35, 36) .
In this study, a conditional expression strategy was used to characterize the biological consequences of expressing oncogenic K-ras from its endogenous promoter in hematopoietic cells. Expression of oncogenic ras in the mice induced a myeloproliferative syndrome with short latency and high penetrance, similar to that observed with leukemia-associated activated receptor tyrosine kinases, and conferred growth factor-independent colony formation of primary bone marrow cells.
Methods
Mouse strains. Lox-stop-lox (LSL)-K-ras G12D mice (on mixed 129Sv/Jae and C57BL/6 backgrounds) were crossed to Mx1-Cre transgenic mice (37) (on a BALB/c background) to obtain double-transgenic LSL-K-ras G12D + /Mx1-Cre +/-mice on a mixture of 129Sv/Jae, C57BL/6, and BALB/c genetic backgrounds. For induction of Cre expression, 4-to7-week-old mice were injected intraperitoneally with 250 µg of polyinosinicpolycytidylic acid (pI-pC; Sigma-Aldrich, St. Louis, Missouri, USA) every other day for three doses. All mice were housed in microisolator cages, were monitored daily for evidence of disease, and were sacrificed when moribund. All experiments were conducted with the ethical approval of the Harvard Medical Area Standing Committee on Animals.
Molecular and biochemical analysis. LSL-K-ras G12D mice were genotyped by PCR amplification of genomic DNA obtained from tail tissue to detect the 500-bp wild-type K-ras and 550-bp floxed LSL-K-ras G12D products. For verification of Cre-mediated recombination, DNA from mouse bone marrow, spleen, and liver as well as from individual colonies of primary bone marrow methylcellulose cultures was amplified in PCR reactions using primers flanking the LSL cassette to detect the 285-bp wild-type K-ras and 315-bp excised lox-K-ras G12D products (38) . For K-ras protein expression analysis, immunoprecipitation and Western blotting of tissue lysates from spleen, thymus, and lung were performed as described (39, 40) .
Histopathology. Mouse organs were fixed for at least 72 hours in 10% neutral buffered formalin (SigmaAldrich), dehydrated in alcohol, cleared in xylene, and infiltrated with paraffin. Tissue sections 4 µm in thickness from paraffin-embedded tissues blocks were placed on charged slides, deparaffinized in xylene, rehydrated through graded alcohol solutions, and stained with hematoxylin and eosin.
Flow cytometric analysis. Spleen and bone marrow singlecell suspensions were prepared as described (41) by brief incubation in red blood cell lysis buffer (Gentra Systems, Minneapolis, Minnesota, USA) and freezing in 90% fetal bovine serum and 10% dimethyl sulfoxide. Prior to analysis, cells were washed in PBS/0.1% NaN 3 /0.1% BSA and were preincubated for 20 minutes on ice with supernatant from the 2.4G2 hybridoma cell line (anti-CD16/CD32; American Type Culture Collection, Rockville, Maryland, USA) to block nonspecific Fc receptor-mediated binding. Aliquots of 0.5 × 10 6 to 2.0 × 10 6 cells were stained for 20 minutes on ice with monoclonal antibodies, washed in staining buffer, and stained with secondary antibodies where necessary. Antibodies used were allophycocyanin (APC)-conjugated Gr-1 and CD4; phycoerythrin-conjugated Mac-1, Thy1.2, CD8, and CD117; biotin-conjugated CD19; and APC-conjugated streptavidin. All antibodies were purchased from Pharmingen (San Diego, California, USA), except for APC-CD4 and APC-streptavidin, which were purchased from Caltag (Burlingame, California, USA). Flow cytometric analysis was performed with a four-color FACSCalibur cytometer (Becton-Dickinson, Mountain View, California, USA). A minimum of 10,000 events was acquired and analyzed with CELLQUEST software.
For analysis of myeloid progenitors, bone marrow cells were stained as previously described (42) (43) .
Colony-forming assays. Primary bone marrow cells from pI-pC-treated mice were cultured in methylcellulosecontaining media using MethoCult GF M3434 media (StemCell Technologies, Vancouver, British Columbia, Canada) containing 50 ng/ml murine stem cell factor (SCF), 10 ng/ml murine IL-3, 10 ng/ml human IL-6, and 3 units/ml human erythropoietin (EPO), or MethoCult GF M3231 media from which SCF, IL3, IL6, and EPO were absent. For primary methylcellulose cultures, 4 × 10 3 to 1 × 10 5 cells were seeded in duplicate and harvested after 10 days. Cytospin preparations of individual colonies were stained with Wright-Giemsa solutions. Serial replating assays were performed as previously described (44) in two independent experiments with 10 4 cells replated in duplicate for each round of replating and colony counts performed on day 7.
Murine bone marrow transplantation. Bone marrow cells were harvested from the femurs and tibias of pI-pCtreated LSL-K-ras G12D + /Mx1-Cre + (KM+) mice. After red blood cell lysis, cells were washed in PBS, resuspended in Hank's balanced salt solution (Invitrogen Life Technologies, Carlsbad, California, USA), and injected (10 6 cells/0.5 ml) into the lateral tail veins of sublethally irradiated (650 cGy) wild-type littermates. Mice were housed in microisolator cages and were provided with autoclaved chow and acidified water.
Results
Generation of mice expressing endogenous levels of oncogenic K-ras in the hematopoietic system. We studied LSL-K-ras G12D mice harboring a conditional oncogenic K-ras allele targeted to the endogenous K-ras locus by homologous recombination. The conditional allele contains a cassette with a transcriptional termination stop codon flanked by loxP sites (LSL cassette) located upstream of a mutation of glycine to aspartic acid in codon 12 (38) (Figure 1a ). The stop cassette prevents potential deleterious consequences of expression of the oncogenic K-ras allele during development. However, Cre recombinase-mediated excision of the stop cassette in adult animals allows expression of oncogenic K-ras from the endogenous K-ras promoter sequences, thus preserving temporal, lineageappropriate, and quantitative transcriptional regulation. For expression of oncogenic K-ras in the hematopoietic system, LSL-K-ras G12D mice were crossed to Mx1-Cre transgenic mice that express Cre from the IFN-α/β-inducible Mx1 promoter ( Figure 1b) (37) . Cre expression from the Mx1 promoter is induced in vivo by treating mice with IFN-α/β or pI-pC, a synthetic double-stranded RNA that induces expression of endogenous IFN. In this way, Cre expression, subsequent excision of the stop cassette, and expression of oncogenic K-ras will occur in cells expressing the IFN receptor, including hematopoietic cells.
Oncogenic K-ras expression in hematopoietic cells results in a myeloproliferative disorder. All pI-pC-treated LSL-K-ras G12D + /Mx1-Cre + (KM+) mice developed a lethal hematopoietic disease with a median survival of 35 days (P < 0.0001 compared with negative controls by log rank test; range, 16-67 days) ( Figure 1c ). Of interest, all LSL-K-ras G12D + /Mx1-Cre + mice that were not treated with pI-pC (KM-mice) also developed a similar hematopoietic disease with a longer median survival of 58 days (P = 0.0039, KM+ vs. KM-mice, by log rank test). The negative controls, single-transgenic LSL-K-ras G12D + mice, Mx1-Cre + mice, or wild-type littermate mice treated with pI-pC (K+, M+, or WT+ mice, respectively), showed no evidence of disease. The predominant phenotype identified in all KM+ mice examined was a myeloproliferative disorder characterized by leukocytosis, splenomegaly, and myeloid hyperplasia in the bone marrow. White blood cell (WBC) counts ranged between 18 × 10 3 /µl and 99 × 10 3 /µl with a median WBC count of 36 × 10 3 /µl (Table 1) . KM-mice also developed leukocytosis with median WBC counts of 35 × 10 3 /µl. In the vast majority of cases, leukocytosis in KM+ mice was due to an increase in the granulocyte population. For example, in KM+ mice, neutrophils accounted for 15-65% of WBCs (median, 42%; n = 22), compared with K+, M+, and WT+ mice, in which neutrophils were 12-43% of WBCs (median, 19%; n = 24; P < 0.001 by Mann-Whitney test). There were no significant differences in the absolute numbers of other WBC subsets, although there was a slight increase in the percentage of atypical lymphocytes. KM+ mice were anemic, with a mean hematocrit of 27% (range, 11-48%), compared with a normal mean hematocrit of 45% in the K+, M+, and WT+ controls (P < 0.001 by Mann-Whitney test). There were no appreciable differences in the platelet counts between experimental and control mice.
KM+ mice were emaciated, with ruffled fur and moderate-to-severe palpable splenomegaly. Spleen weights ranged between 205 and 2,300 mg, compared with normal-sized spleens (67-133 mg) in K+, M+, and WT+ negative control mice (P < 0.001; Table 1 and Figure 1d ). Hematoxylin and eosin-stained sections of spleen showed marked extramedullary hematopoiesis with effacement of splenic architecture and expansion of the red pulp compartment by varying degrees of granulocytic, monocytic, erythroid, and megakaryocytic lineage cells ( Figure 2 ). Eleven of sixteen cases examined demonstrated a predominantly granulocytic/monocytic proliferation within the spleen and a hypercellular bone marrow revealing myeloid (predominantly granulocytic) hyperplasia ( Figure 2 ). In the remaining five of sixteen cases examined, marked extramedullary hematopoiesis in the spleen was also observed; however, this represented a striking erythroid expansion with fewer numbers of granulocytic and monocytic forms. A more subtle expansion of myeloid elements was seen in the bone marrow of these mice. In all cases examined, the liver showed significant perivascular and periportal infiltration by populations of myeloid and erythroid cells identical to those seen in the spleen (Figure 2 ). The overall hematopoietic phenotype was similar to the myeloproliferative diseases induced in murine bone marrow transplant assays by tyrosine kinase fusions such as BCR-ABL, TEL-PDGFRβ, TEL-TRKC, and TEL-JAK2 (17, 41, 45, 46) . Interestingly, other pathological findings observed with high frequency but incomplete penetrance in KM+ mice were squamous papillomas involving the anal and vulvo-vaginal skin (12 of 19), ear (8 of 22), esophageal mucosa (14 of 17), and oral mucosa (8 of 25) (Figure 3 ). In addition, multiple nodules were observed in the lungs of KM+ mice (10 of 17), consisting of proliferating type II pneumocytes that stained positive for keratin (data not shown). These findings are consistent with the adenomas previously described in the lungs of LSL-Kras G12D mice treated with intranasal instillation of adenovirus-expressing Cre (38) . Finally, thymic T cell lymphoblastic lymphomas (7 of 25) and nodal lymphoid hyperplasia distinct from sinusoidal infiltrates of myeloid elements (6 of 17) were also noted.
In KM-mice, extramedullary hematopoiesis in the spleen and liver was also evident. In six cases examined, one mouse demonstrated a marked myeloproliferative disease; four had mild, predominantly myeloid extramedullary hematopoiesis in the spleen and liver with mild myeloid (predominantly granulocytic) hyperplasia in the marrow; and one mouse had no hematopoietic abnormalities. In a subset of KMmice, pulmonary adenomas (five of six), thymic lymphomas (two of six), oral squamous papillomas (two of six), and ear squamous papillomas (two of six) were also observed. No vulvo-vaginal, anal or esophageal squamous papillomas were observed in KM-mice (n = 6).
Flow cytometric analysis of spleen cells (Figure 4a ) from KM+ mice further confirmed the myeloproliferative phenotype. In the spleen, 17-20% of cells were positive for the myeloid markers Gr-1 (Ly 6-G) and Mac-1, indicative of mature neutrophils, compared with 5-6% for K+, M+, and WT+ negative control mice. In untreated KM-mice, Gr-1 + /Mac-1 + cells represented 12% of spleen cells. The increased percentage of myeloid cells was associated with a concomitant decrease in the percentages of CD4 and
Figure 2
Mice expressing oncogenic K-ras develop a myeloproliferative disease. Representative histopathology (original magnifications in parentheses) from peripheral blood (×100), bone marrow (×100), spleen (×40), and liver (×20), showing expansion of predominantly mature myeloid elements, without an increase in immature/blast forms. (Figure 4a ). Further analysis of K+, M+, and KM+ bone marrow demonstrated no significant differences in the relative percentages of myeloid progenitor populations ( Figure  5 ), composed of IL-7Rα -Lin -c-Kit + Sca-1 -cells (43) , or in the relative percentages of CMP, GMP, and MEP subpopulations ( Figure 5 ). This result must be interpreted with caution, as it is not known whether K-ras is normally expressed in the myeloid progenitor compartment. In KM+ spleen, the relative percentages of CMP, GMP, and MEP populations increased, reflecting increased extramedullary hematopoiesis.
Oncogenic K-ras expression. Cre-mediated excision of the stop cassette upstream of the oncogenic K-ras allele was demonstrated via PCR of genomic DNA from various tissues (Figure 6a ). Only DNA from diseased KM+ and KM-tissues yielded a PCR product 30 bp larger than the wild-type allele, corresponding to excision of the transcriptional stop cassette and the presence of the oncogenic K-ras allele containing a single loxP site. Expression of oncogenic K-ras protein was demonstrated by Western blot analysis in diseased KM+ and KM-tissues but not in tissues from K+, M+, or WT+ negative control mice (Figure 6b) .
Colony-forming unit activity. Bone marrow cells from KM+, K+, and M+ mice were plated in methylcellulose cultures in the presence or absence of growth factors (SCF, IL-3, IL-6, and EPO). All formed colonies in the presence of growth factors (Figure 7a) . However, only bone marrow cells from KM+ mice readily formed colonies in a growth factor-independent manner. These colonies were smaller in size and less differentiated than colonies that grew in the presence of growth factors. In addition, colonies derived from KM+ bone marrow did not exhibit any enhanced serial replating activity (Figure 7b ). Genomic DNA prepared from individual methylcellulose culture colonies was assayed for the presence of the activated K-ras allele. Only DNA from individual KM+ colonies yielded a PCR product corresponding to excision of the stop cassette and activation of the oncogenic K-ras allele (Figure 7c ). The activated K-ras allele was detected in KM+ colonies that grew in the presence or absence of growth factors. In individual methylcellulose colonies, the Cre excision efficiency was 100% in KM+ bone marrow-derived cells (n = 42; Figure  7 and data not shown). The phenotype of individual colonies was determined by microscopic visualization of Wright-Giemsa-stained cytospin preparations ( Figure 7 , d and e). In duplicate experiments, no erythroid burstforming unit (E-BFU) colonies were observed in K+, M+, or KM+ methylcellulose cultures harvested on day 10. Subsequent experiments with KM+ and negative control bone marrow cells demonstrated E-BFU colonies in comparable numbers when cultures were harvested on day 7 (data not shown). Colonies derived from K+, M+, or KM+ bone marrow cells grown in the presence of growth factors formed granulocyte-monocyte colony-forming unit (GM-CFU) and granulocyte-erythrocyte-monocyte-megakaryocyte colony-forming unit (GEMM-CFU) colonies with similar efficiencies. In contrast, colonies derived from KM+ bone marrow cells in the absence of growth factors were predominantly monocyte colony-forming units (M-CFUs), composed of >95% macrophages. Similar results demonstrating growth factor-independent colony formation of predominantly M-CFUs were observed in methylcellulose cultures of oncogenic K-ras bone marrow cells in a model using LSL-K-ras G12D + /Lys-Cre + mice in which the oncogenic K-ras allele was activated in Transplantability. Bone marrow cells (10 6 ) from diseased KM+ mice were transplanted into semilethally irradiated wild-type littermate secondary recipients. To date, all transplant recipients remain healthy and disease-free after 120 days (data not shown), indicating that the myeloproliferative disease was not transplantable into secondary recipients.
Discussion
Expression of oncogenic K-ras from its endogenous promoter in the hematopoietic system is sufficient to induce a myeloproliferative syndrome with relatively 
Figure 6
Cre-mediated activation of the oncogenic K-ras allele and expression of oncogenic K-ras protein in diseased KM+ and KM-tissues. (a) PCR for WT and activated (∆) K-ras alleles demonstrates the presence of the activated K-ras allele in KM+ and KM-but not K+, M+, or WT+ tissues. B, bone marrow; L, liver; S, spleen; MW, molecular weight marker; c+, positive control DNA from an individual KM+ methycellulose colony; c-, negative control DNA from an individual K+ methylcellulose colony. (b) Oncogenic K-ras expression in diseased KM+ and KM-tissues. Tissues extracts were immunoprecipitated with a pan-ras antibody, followed by immunoblotting with polyclonal antibodies specific to wild-type ras (α-ras G12) and oncogenic ras G12D (α-ras D12). The WT ras doublet corresponds to farnesylated and unfarnesylated ras. S, spleen; T, thymic lymphoma; L, lung with multiple adenomas; WB, Western blot; IP, immunoprecipitation.
short latency. The myeloproliferative syndrome induced by oncogenic K-ras is similar to the myeloproliferative syndromes induced by activated receptor tyrosine kinases (e.g., FLT3-ITD, BCR-ABL, TEL-PDGFRβ, and TEL-JAK2). This finding is somewhat surprising, as receptor tyrosine kinases activate multiple signaling pathways in addition to ras, such as the PI3K and JAK/STAT pathways. Indeed, disruption of PI3K/AKT or STAT signal transduction by pharmacologic or genetic strategies can abrogate transformation properties and diseases induced by receptor tyrosine kinases (46) (47) (48) (49) (50) (51) (52) . As oncogenic K-ras is expressed from its endogenous promoter in this study, we may infer from these observations that oncogenic K-ras is at least as potent an allele as constitutively activated receptor tyrosine kinases that activate several signaling pathways including ras/MAP kinase. The inference is supported by epidemiological observations that activating mutations in FLT3 and ras are commonly found in AML, but rarely coexist in the same patient. The myeloproliferative disease observed in KM+ mice appears similar to the JMML-like disease in mice transplanted with NF1 -/-fetal liver cells (25) and the myeloproliferative disease observed with long latency and incomplete penetrance in the oncogenic N-ras bone marrow transplant model (30) .
It is interesting that the predominant phenotype induced by oncogenic K-ras is a granulocyte-rich myeloproliferative disease, as Mx1 promoter activation appears to occur very early in hematopoietic develop-
Figure 7
Methylcellulose cultures with KM+, K+, and M+ bone marrow in the presence and absence of growth factors. (a) Number of colonies generated after methylcellulose culture of 100,000 bone marrow cells in the presence (plus) and absence (minus) of growth factors (GF: SCF, IL-3, and IL-6). Growth factor-independent colony-forming activity of KM+ bone marrow cells was demonstrated in two independent experiments. The values shown are the mean of duplicate cultures from one representative experiment. (b) Number of secondary, tertiary, and quaternary colonies generated in serial methylcellulose cultures using 10 4 input bone marrow cells in the presence of growth factors. Serial replating assays were performed in two independent experiments. The values shown are the means of duplicate cultures from one representative experiment. (c) PCR for WT and activated (∆) K-ras alleles demonstrates presence of activated K-ras allele in individual methylcellulose colonies derived from KM+ bone marrow in the presence and absence of growth factors, but not from K+ or M+ colonies. The intensity of the PCR products generated from KM+ growth factor-independent colonies was less robust than that from KM+ growth factor-dependent colonies, corresponding to lesser amounts of input template genomic DNA purified from the smaller individual growth factor-independent colonies. (d) Cytospins (Wright-Giemsa stain) of individual methylcellulose colonies show GM-CFUs derived from K+, M+, and KM+ bone marrow cultured in the presence of growth factors, and M-CFUs from KM+ bone marrow cultured in the absence of growth factors. (e) Quantitation of M-CFU (M), GM-CFU (GM), and GEMM-CFU (GEMM) colonies from K+, M+, and KM+ bone marrow cultured in the presence of growth factors and KM+ bone marrow cultured in the absence of growth factors.
ment. In a model of conditional AML1-ETO expression utilizing Mx1-Cre-mediated recombination, persistent expression of AML1-ETO occurs throughout the life of the mice, suggesting that Cre-mediated deletion of the stop cassette occurs in long-term repopulating hematopoietic progenitors (1). Mx1-Cre-induced expression of oncogenic K-ras in hematopoietic stem cells might be expected to engender not only myeloid proliferation but also megakaryocyte hyperplasia or lymphoproliferative disease. Still, neutrophil lineage cells may be more sensitive to activation of the ras/MAP kinase pathway. This hypothesis is supported by the observation that loss of NF1 function in the germline also favors development of neutrophil lineage disease. Oncogenic K-ras may contribute to lymphoid diseases, as there was evidence of lymphoid hyperplasia (enlarged lymph nodes) and lymphoid malignancy (lymphoblastic lymphoma) in the KM+ and KM-mice. Mutations in ras have not been identified in patients with myeloproliferative diseases such as polycythemia vera and essential thrombocythemia (53) (54) (55) (56) . It is uncertain whether the erythroid hyperplasia seen in some KM+ mice is the result of secondary erythroid hyperplasia in response to anemia or oncogenic K-ras is capable of directly inducing erythropoiesis, albeit ineffectively. Excision of the stop cassette in erythroid, megakaryocytic, or T-and B-lymphoid-specific Cre strains will directly address the question of whether oncogenic K-ras is capable of inducing proliferative diseases in these lineages.
Earlier cell culture, transgenic and bone marrow transplant models of H-or N-ras overexpression using heterologous promoters in the hematopoietic system yielded various phenotypes, including myeloproliferative diseases/leukemias with long latency and incomplete penetrance (30) , impaired erythroid and myeloid differentiation suggestive of myelodysplasia (27) (28) (29) , and pre-T thymic lymphomas and/or pre-B cell lymphoblastic leukemias/lymphomas (31) (32) (33) (34) . The variety of malignancies arising in these models likely reflects the tissue specificities and expression levels of the promoters used rather than the specific transforming properties of oncogenic ras. In KM+ mice, one copy of the oncogenic K-ras allele is expressed from its endogenous promoter, which more accurately recapitulates the genotype of human AML.
KM-mice, which were not induced with pI-pC, also developed a myeloproliferative syndrome, albeit of intermediate severity, with lower WBC counts, mild to moderate splenomegaly, and longer latency than that of KM+ mice. This is most likely due to endogenous IFN expression of sufficient levels to induce the Mx1-Cre transgene and activate oncogenic K-ras expression. Indeed, untreated AML1-ETO + /Mx1-Cre + mice demonstrate low levels of recombination in the bone marrow, ranging from 9% to 20% when monitored for 24 weeks (1). Similarly, untreated DNA polymerase β + /Mx1-Cre + mice demonstrate background recombination levels as high as 10% in the spleen, also attributed to endogenous IFN production (37) . It is likely that endogenous IFNs in untreated KM-mice activate expression of oncogenic K-ras in a small percentage of long-term repopulating hematopoietic progenitors. Oncogenic K-ras expression confers a proliferative advantage to these progenitors; eventually, their expansion yields the myeloproliferative phenotype, although with slightly delayed latency.
KM+ and KM-mice demonstrate additional histopathological findings with incomplete penetrance. Oncogenic ras mutations are detected in squamous papillomas and squamous cell carcinomas (57) and are important for initiation and progression of these lesions. Transgenic mice expressing v-H-ras from the ζ-globin promoter develop skin papillomas with high frequency in response to trauma or chemical carcinogens (58) . In rare instances, activating ras mutations have been reported in lymphomas (59) . The pattern of premalignant tumors observed in KM+ and KM-mice likely reflects the patterns of IFN-induced Mx1-Cre and subsequent oncogenic K-ras expression. In studies of Mx1-Cre-mediated recombination of a floxed DNA polymerase β gene, pI-pC treatment yielded high recombination efficiencies in hematopoietic tissues (liver, 100%; spleen, 94%; and thymus, 40%) and lower levels in nonhematopoietic tissues such as heart, kidney, lung, and duodenum (37) . Experiments with mice doubly transgenic for the β-galactosidase reporter ROSA26tm1Sor and Mx1-Cre demonstrate Cre expression in liver, spleen, pulmonary endothelium, kidney, and gastric epithelium (60) . Papillomas and thymic lymphomas have been previously observed in 30% of adenovirus-Cre-treated oncogenic K-ras mice (40) . Additional mutations are likely required to form these premalignant lesions; the low frequency of these lesions observed in KM+ and KM-mice may reflect a stochastic requirement for acquisition of additional oncogenic mutations, as well as the varying levels of IFN in those specific tissues. It is unlikely that development of these lesions depends on the penetrance of pI-pC into the various tissues, as a subset of untreated KM-mice also develop the same pattern of papillomas, lung adenomas, and thymic lymphomas. KM+ mice may be a useful model system for studying carcinogenesis in squamous cell cancers with particular utility in modeling cancer prevention strategies.
Previous studies of ras overexpression in primary cells demonstrated growth arrest and apoptosis (61) (62) (63) . More recently, it has been hypothesized that thresholds of ras activity exist, such that low, intermittent signaling contributes to cellular homeostasis; modest increases promote proliferation without triggering protective tumor suppressor or growth arrest pathways; and high, sustained levels induce growth arrest and senescence (7) . Consistent with this hypothesis, our results with primary bone marrow methylcellulose cultures show that oncogenic ras expression from its endogenous promoter promotes a proliferative signal that bypasses the requirement for signals from growth factors and allows colony formation independent of growth factors.
Growth factor-independent colony-forming activity of bone marrow cells has also been described in TEL-JAK2 and BCR/ABL murine bone marrow transplant models (51, 52) . The oncogenic K-ras-expressing colonies do not have enhanced immortalization/self-renewal properties, as assessed in serial replating assays. In distinct contrast, primary mouse embryonic fibroblasts expressing endogenous levels of oncogenic K-ras bypass proliferative senescence and are immortalized (64) . These differences are consistent with the hypothesis that the effects of oncogenic K-ras are dependent on cellular context (64) . Additional mutations may be required to induce an immortalization or self-renewal phenotype in the hematopoietic cells.
Like activated receptor tyrosine kinases in myeloproliferative diseases, oncogenic ras is implicated in AML pathogenesis by virtue of its presence in a high percentage of AML samples. Still, oncogenic ras is not sufficient to induce AML, as oncogenic K-ras induced myeloproliferative disease is not transplantable into secondary recipients. Additional mutations are likely required. We favor a model in which the AML phenotype requires at least two cooperating mutations: one that promotes proliferation and enhanced survival (such as oncogenic ras or an activated receptor tyrosine kinase), and one associated with impaired differentiation and an immortalization phenotype (such as a loss-of-function mutation in a hematopoietic transcription factor, as has been reported for AML1-ETO; ref. 1). It will be important to test this hypothesis by analyzing oncogenic K-ras mice in the context of additional mutations associated with impaired hematopoietic differentiation, such as AML1-ETO (1) or PML-RARα (2) . Ultimately, these oncogenic K-ras/Mx1-Cre models will be useful for testing novel therapeutic agents, such as farnesyltransferase and geranylgeranyltransferase inhibitors, which target ras (65, 66) , and other agents such as ERK inhibitors, which target the ras/MAP kinase pathway.
Oncogenic ras mutations have been detected in other hematologic malignancies such as multiple myeloma, myelodysplasia, chronic myelomonocytic leukemia, and acute lymphoblastic leukemia (12, 13). As noted above, crosses of LSL-K-ras G12D mice with other transgenic mice strains expressing Cre from hematopoietic-specific promoters, such as Lys-Cre, Vav-Cre, CD19-Cre, and Lck-Cre, may yield new insights to the contributions of oncogenic K-ras in myeloproliferative and lymphoproliferative diseases as well as AML.
Many downstream effectors are activated by ras, including the Raf/MEK/ERK pathway, the PI3K/AKT pathway, and RalGEFs. It would be interesting to determine which of these pathways is required for oncogenic ras-mediated myeloproliferative disease. Selective mutation of the ras effector domain (residues 32-40) can disrupt binding and activation of individual effector pathways (67) (68) (69) (70) . Generation of additional mice harboring various conditional oncogenic K-ras mutations activating only single effector pathways for subsequent crosses to Mx1-Cre mice will yield additional insights into the pathogenesis of rasinduced myeloproliferative diseases with implications for the development of molecularly targeted therapies.
Finally, data are gradually accumulating regarding differences between H-, N-, and K-ras. The phenotypes of H-ras, N-ras, and K-ras knockout mice indicate clear distinctions in function and/or expression between family members. H-ras and N-ras knockout mice are viable with no overt abnormalities (71, 72) . In contrast, K-ras knockout mice die at embryonic day 12.5 from severe anemia secondary to defects in the fetal liver microenvironment (39, 73) . In addition, ras isoforms differ with respect to post-translational modifications, subcellular localization, and transformation properties (7, 11) . Furthermore, N-ras mutations occur nearly exclusively in hematologic malignancies, whereas oncogenic K-ras and H-ras mutations are detected more often in solid tumors. In this Mx1-Cre mouse model, it is possible that the phenotypes from oncogenic N-or H-ras expression may be different from that of oncogenic K-ras. It will be informative to study the analogous conditional oncogenic H-ras and oncogenic N-ras alleles to understand differences in these ras isoforms and their contributions to oncogenesis.
